The mechanism of T-cell lineage choice, by which progenitor double positive (DP) thymocytes give rise to MHC class I-specific CD8 + T cells and MHC class IIspecific CD4 + T cells, has been a topic of long standing interest in the fields of immunology and developmental biology. Characterization of the transcriptional programmes that are required for the development of T cells into one lineage and not the other is crucial for understanding how the differentiation of each functional T-cell subset is achieved. More fundamentally, T-cell lineage choice is a paradigm for studying bipotential cell fate decisions at both phenotypical and genetic levels. Recent advances in the field have begun to reveal how a crossregulatory network that involves many transcription factors regulates this developmental branch point.
mature TCR is expressed, a thymocyte has one of three fates: apoptosis, negative selection or positive selection. More specifically, failure to produce a TCR that interacts with sufficient affinity with self peptide-MHC complexes causes apoptosis that is induced by a lack of TCR-mediated survival signals, or 'death by neglect' . Cells with TCRs that bind too strongly to self peptide-MHC complexes are deleted in a process known as negative selection to rid the peripheral T-cell pool of potentially self-reactive lymphocytes. The few DP cells with TCRs of appropriate affinity undergo positive selection following interaction with self peptide-MHC complexes and develop into cells with a CD4 + CD8 low transitional phenotype. At some stage during or after positive selection, a CD4 + CD8 low thymocyte commits to either the CD4 + T-cell fate (if its TCR is MHC class II specific) or the CD8 + T-cell fate (if its TCR is MHC class I specific). Several models have been proposed to explain how the MHC specificity of a developing T cell is linked to both co-receptor gene regulation and functional gene expression programmes. Initial models focused on whether co-receptor gene expression was stochastically determined or instructed by interactions between the co-receptor and the MHC molecule and, if instructed, whether the instructing signal was quantitative or qualitative 1, 2 . Although it is now widely accepted that co-receptor gene regulation is not stochastic, the nature of the instructing signal has not been substantively
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clarified. It has been proposed that differences in the duration of the interactions between the TCR and the MHC molecule initiate distinct signals that direct cells to either the CD4 + or CD8 + T-cell fate [3] [4] [5] , which might be due to asymmetry in co-receptor expression at the CD4 + CD8 low stage. In addition, a distinction can clearly be made between positive selection and lineage commitment (the step at which the T-cell lineage fate is fixed), but it remains unclear precisely when lineage choice is established. The various models that have been proposed, and the data that support each of them, are the subject of a comprehensive recent review by Singer et al. 6 , and they will not be further discussed here. Instead, this Review focuses on recent findings that have led to a refinement of our current understanding of the transcription factor network that controls the CD4/CD8 lineage decision.
Recent studies (discussed below) have focused mainly on the transcription factors RuNX (runt-related transcription factor; specifically the family members RuNX1 and RuNX3) and Th-POK (T-helper-inducing POZ/Kruppel-like factor; encoded by ZBTB7B; also known as c-Krox) and have revealed that there is crossregulation between these molecules, both in terms of their expression and their downstream function. It has also been observed that other transcription factors, notably GATA-binding protein 3 (GATA3) and thymocyte selection-associated high-mobility group box (TOX), are crucially involved in the CD4/CD8 lineage decision. Taken together, recent findings have emphasized that the initial specification of positively selected thymocytes to either the CD4 + or CD8 + T-cell lineage is reversible, whereas lineage commitment is a subsequent step at which T-cell fate is rendered irreversible. The current data indicate that RuNX proteins and Th-POK are lineage commitment factors that are required to repress the development of the alternative fate once a certain T-cell lineage has been specified, and that other transcription factors, including Myb, GATA3 and TOX, are lineagespecifying factors that cannot themselves enforce lineage choice. Recent studies have also revealed that RuNX complexes are involved in the differentiation of peripheral effector T-cell subsets and have shown that the regulatory mechanisms by which RuNX proteins enforce T-cell fate decisions, such as binding to silencer elements to repress alternative fates, are conserved between the thymus and the periphery.
RUNX proteins and expression of CD4 and CD8
RuNX proteins are a family of evolutionarily conserved heterodimeric transcription factors that have crucial roles during the development of many tissues 7, 8 and of the immune system (TABLE 1) . RuNX complexes are composed of unique DNA-binding α-subunits (RuNX1, RuNX2 or RuNX3, which are homologues of the Drosophila runt gene) that pair with the non-DNA binding subunit core-binding factor β (Cbfβ, which has been shown to stabilize the interaction of RuNX proteins with DNA). Targeted deletion of RuNX subunits has revealed distinct roles for these proteins in development, with RuNX1 being required for haematopoiesis 9 , RuNX2 for osteogenesis 10, 11 and RuNX3 for neurogenesis, thymopoiesis and the control of gastric epithelialcell proliferation [12] [13] [14] . because the Cbfβ subunit acts as a binding partner for all RuNX proteins, targeted inactivation of its expression abrogates the activity of all RuNX complexes 15, 16 . The role of RuNX proteins in T-cell development was first suggested by the discovery that RuNX1 and RuNX3 sequentially interact with the Cd4 silencer 17 . This 434 base pair sequence is a cis-acting element in the Cd4 locus that restricts the expression of CD4 to appropriate thymocyte populations (FIG. 1) independently of its position and orientation 18, 19 . Germline deletion of the Cd4 silencer resulted in de-repression of CD4 expression in both DN thymocytes and CD8 + T cells 20, 21 ; however, conditional deletion of the silencer in mature CD8 + T cells did not cause de-repression of CD4 expression 21 , which suggests that there are two different mechanisms of silencing 22 . At the DN stage, the Cd4 silencer may act to actively repress Cd4 transcription, but it is dispensable for keeping Cd4 silenced in peripheral CD8 + T cells; this suggests that Cd4 silencing becomes epigenetically fixed in developing CD8 + T cells 23 . Consistent with the expression profiles in thymocytes, RuNX1 was found to bind to the Cd4 silencer in DN thymocytes and RuNX3 to bind to the Cd4 silencer in CD8 single positive (SP) thymocytes. The finding that DN thymocytes from mice that were deficient for RuNX1 in the T-cell lineage showed de-repression of CD4 expression, as did CD8 + T cells from mice that were deficient for RuNX3, confirmed the requirement for RuNX complexes in Cd4 silencing 17 . beyond their role in regulating stage-specific CD4 expression, RuNX proteins have been shown to have other functions in thymocyte development. RuNX1 was found to be required for effective β-selection and for the positive selection of both CD4 + and CD8 + thymocytes 24 . The differentiation of natural killer T cells that express invariant TCRs specific for CD1d was also found to depend on RuNX1 (REF. 25 ). It has been suggested that RuNX3 is involved in the re-expression of CD8 during progression towards the CD8 + T-cell lineage by transitional CD4 + CD8 low thymocytes that express MHC class I-specific TCRs 26 . The Cd8 locus is regulated by a combination of stage-specific enhancers 27, 28 , most of which are located in the 35 kb region between the coding sequences of Cd8b and Cd8a (FIG. 1) . DNase hypersensitivity mapping and transgenic analyses have shown that there are at least five enhancer elements, termed e8 I , e8 II , e8 III , e8 IV and e8 V , which have overlapping roles in promoting the expression of CD8 (REFs 29, 30) . RuNX proteins have been shown to bind to some of these enhancers 26 , most prominently to e8 I , which is capable of directing the expression of a reporter transgene specifically in mature CD8 + T cells, although whether the activity of the e8 I enhancer depends on RuNX3 binding remains to be directly addressed 31 . The specific expression of RuNX3 in CD8 SP thymocytes 24, 26 , along with the putative dual role of RuNX3 in co-receptor gene expression -that is, Cd4 silencing and Cd8 reactivation -suggests that the induction of RuNX3 expression might be central for directing CD8 + T-cell fate.
However, ectopic expression of RuNX3 from the DP stage onwards failed to redirect many MHC class II-specific T cells to the CD8 + T-cell fate 32, 33 . Thus, the physiological contribution of RuNX3 in determining the CD4/CD8 lineage choice remained uncertain until recently and awaited further studies, which are described below.
Th-POK and the CD4/CD8 lineage choice Th-POK was identified as the product of a gene that, when mutated, was responsible for the phenotype of a mouse strain known as helper deficient 34 , which had been identified earlier as a strain that lacked CD4 + T helper (T H ) cells owing to a spontaneous recessive mutation 35 . unlike other mouse models in which loss of the CD4 + T-cell lineage can be traced to defects in cell survival, helper-deficient mice have MHC class II-specific T cells that have been redirected to the CD8 + T-cell lineage, as shown by the presence of CD8 + T cells in β 2 -microglobulindeficient (and therefore MHC class I-deficient) helperdeficient mice 36 . This was the first demonstration that positive selection and CD4/CD8 lineage choice are distinct events. The mutation that is responsible for the helper-deficient phenotype was mapped to a single base pair substitution in the first coding exon of Zbtb7b, which is the gene that encodes Th-POK (as named by Kappes and colleagues) 34 . Th-POK is a zinc-finger transcription factor of the C2H2-type family and contains a bTb/POZ domain 37 . Structural studies of other closely related C2H2-type zinc-finger proteins have revealed that each zinc finger comprises approximately 28 amino acids that are organized around a zinc atom that is coordinated by the C2H2 residues 38 . The mutation that is observed in helper-deficient mice (hd mutation) results in the substitution of a glycine for an arginine (Arg389Gly) in the putative second zinc-finger domain, which presumably abrogates the ability of Th-POK to bind to target DNA sequences and results in a loss of Th-POK function. This has been confirmed by comparative analysis of helperdeficient mice and Th-POK-deficient mice (in which the entire Th-POK coding sequence has been knocked out by homologous recombination), as these two mouse 
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A technique that combines chromatin immunoprecipitation, which determines the binding of transcription factors to specific regions of genomic DNA, with microarray chips to determine the binding of transcription factors in a genome-wide, unbiased manner.
strains are phenotypically identical 39 . further analyses showed that the ectopic expression of Th-POK (using transgenic Zbtb7b constructs) in MHC class I-specific thymocytes that would normally develop into CD8 + T cells caused these cells to be redirected to the CD4 lineage 34, 40 . These initial studies identified Th-POK as a master regulator of CD4 + T-cell development, although, as discussed below, more recent studies suggest that the situation is more complicated.
Regulation of Th-POK expression.
The breakthrough finding that Th-POK is required for the development of CD4 + T cells prompted investigation into the mechanism that regulates Th-POK expression to further elucidate how the lineage decision process is regulated. using DNase hypersensitivity mapping and transgenic analyses, He et al. 41 identified several cis-acting regulatory elements in the Zbtb7b locus. Of particular interest is the 500 base pair region known as the distal regulatory element (DRe), which is located upstream of exon 1a (FIG. 2) . They showed that the DRe could confer CD4 lineage specificity to transgenic constructs regardless of whether the endogenous Zbtb7b promoter or an exogenous human CD2 promoter was used. These data identified that the DRe has both transcriptional silencer and enhancer activities. following removal of the DRe from the Zbtb7b-promoter-driven construct, a reporter gene was expressed in CD8-lineage cells, which indicated that a silencer element in the DRe was responsible for repressing the expression of Th-POK in CD8-lineage cells and thereby for conferring lineage-specific expression of Th-POK in CD4-lineage cells. To identify the essential sequences and to find functional sites within the DRe, He et al. constructed a series of reporter transgenes with various truncations and mutations at the 500 base pair DRe. This led to the identification of a core 80 base pair sequence that was shown to be essential for repressing of the expression of the reporter transgene in CD8 + T cells. However, mutation of three e-box motifs (sequences to which transcription factors specifically bind and thereby regulate gene expression) within the 500 base pair DRe (including one in the core 80 base pair region), as well as two DRe truncations that excluded either a conserved GATA3-binding site or two RuNX-binding sites, did not significantly affect the downregulation of the reporter transgene in CD8 + cells 41 . The trans-acting factors that bind to the DRe silencer and the physiological relevance of the activity of this silencer in the expression of Th-POK remain to be elucidated. An independent study by Setoguchi et al. 42 identified the same region as an essential transcriptional silencer and provided informative results on its mechanism of action. This is discussed below, in the context of the role of RuNX proteins in lineage decision.
RUNX proteins and Th-POK repression.
Initial studies on the role of RuNX proteins in the CD4/CD8 lineage choice were complicated by the finding that germline deletion of Runx genes is lethal 9, 12 (TABLE 1) , by the redundancy and cross-regulation of RuNX1 and RuNX3 (REF. 43 ) and because incomplete deletion of conditional alleles leads to leaky RuNX protein expression. More recent work using mice that have a conditional allele of Cbfb (deletion of which results in the functional inactivation of all RuNX proteins) 16 and mice with compound mutations in Runx1 and Runx3 has clarified these issues. Analyses of T-cell development in these mice showed that loss of RuNX complex function in DP thymocytes leads to loss of CD8 + T cells 24, 42 and, importantly, that MHC class I-specific T cells are redirected to the CD4 + T-cell lineage 42 , a crucial finding that had previously been obscured owing to the experimental limitations discussed above. examination of thymocyte subsets in mice that lacked RuNX complex function revealed that there was increased expression of Th-POK at developmental stages as early as pre-positive-selection DP thymocytes. This increased expression of Th-POK presumably continued to the CD4 + CD8 low stage, which is when lineage choice is thought to occur 42 . Given that transgenic expression of Th-POK at the pre-positiveselection DP stage and at subsequent stages redirects MHC class I-specific thymocytes to the CD4 + T-cell lineage 34, 40 , it is probable that the redirection of MHC class I-specific thymocytes to the CD4 + T-cell lineage in mice that lack functional RuNX proteins is due to an inappropriate upregulation of Th-POK expression. whether RuNX proteins continue to repress Th-POK expression in CD8 SP cells has not been determined. following inactivation of the expression of RuNX3, there is a compensatory upregulation of RuNX1, which may repress the expression of Th-POK; this may explain why MHC class I-selected T cells are not redirected to the CD4 lineage under these conditions.
To investigate whether RuNX proteins could directly repress Th-POK expression, Setoguchi et al. 42 used a ChIP-on-chip approach to identify binding sites for RuNX complexes across the entire Zbtb7b locus. using a Cbfβ-specific antibody that binds to all RuNX complexes, they identified two RuNX-binding sequences (RbS-1 and RbS-2) that seemed to be bound by RuNX proteins in both Th-POK-expressing and non-expressing cells. The RbS-1 site that was identified in this study overlaps with the DRe site that was identified by He et al. 41 (FIG. 2) . further analysis of the RbS-1 site using a reporter transgene expression assay identified that there was transcriptional silencer activity in this sequence 42 , as was observed in the study by He et al. 41 . Importantly, Setoguchi et al. 42 confirmed the physiological relevance of the RbS-1 sequence by deleting it from the endogenous Zbtb7b allele. This resulted in the upregulation of Th-POK expression in CD69
-DP cells, as occurred in RuNX-deficient DP thymocytes, and in the loss of CD8 + T cells (and presumed redirection of MHC class I-specific cells to the CD4 lineage), as had been observed in Zbtb7b transgenic animals 34, 40 . In addition, the combined effect of deleting the RbS-1 silencer and the expression of a reporter transgene on the same Zbtb7b allele revealed that, in heterozygous mice, equal amounts of the reporter transgene were expressed in both CD4 + and CD8 + T cells, and the expression of the reporter transgene was upregulated in CD69
-DP cells in a uniform manner 42 . These two independent studies clearly showed that the DRe/RbS-1 region contains a transcriptional silencer (named the Th-Pok silencer by Setoguchi et al. 42 and hereafter described as the Zbtb7b silencer) that has an essential role in CD8 + T-cell development, as it prevents the inappropriate diversion of MHC class I-specific T cells to the CD4 lineage.
However, these two studies revealed a discrepancy in the requirement for RuNX recognition motifs in the DRe/ RbS-1 region for Zbtb7b silencer function. In the study by Setoguchi et al. 42 , the activity of the Zbtb7b silencer was shown to largely depend on two RuNX-binding sites, whereas He et al. 41 concluded that these RuNX sites were not necessary for the silencer to function. Therefore, the function of the RuNX-binding sites in physiological conditions will need to be addressed in the
CD8
low stage. It is possible that differences in the DNA-binding affinities of RuNX1 and RuNX3, or in the different proteins with which RuNX1 or RuNX3 associate, contribute to distinct mechanisms of silencing that are mediated by each protein in pre-and post-selection thymocytes.
The finding that RuNX proteins bind to both the Cd4 silencer and the Zbtb7b silencer suggests that some aspects of the regulation of these two genes must be similar. However, there are clearly differences in the activities of the Cd4 and Zbtb7b silencers and, probably, in the mechanism of their regulation. This is most strongly supported by the observation that RuNX1 is sufficient to silence the expression of Th-POK but not CD4 in DP cells, whereas RuNX3 seems to silence the expression of both proteins in CD8 SP cells.
Th-POK in the commitment to the CD4
+ T-cell lineage. The mechanism by which silenced Zbtb7b is activated following positive selection is still unclear, although recent work suggests that it requires both the activation of enhancers, including one that is regulated by the transcription factor GATA3 (discussed below), and the reversal of Zbtb7b silencing, which occurs at the DP stage. evidence that both of these events occur was obtained by a study that examined CD69 -DP thymocytes in mice in which the Zbtb7b silencer was deleted and the reporter gene encoding green fluorescent protein (GfP) was knocked into the Zbtb7b locus (Zbtb7b GFP knock-in mice). CD69 -DP thymocytes from these mice had detectable and uniform levels of expression of GfP, which were lower than those of CD4 SP thymocytes, indicating that Zbtb7b is actively repressed in all pre-selection thymocytes and that Zbtb7b enhancers are weakly active in these cells. Appropriate induction of Th-POK expression in developing CD4 + T cells therefore requires both the reversal of Zbtb7b silencer activity and the activation of other enhancer elements. 42 ) restricts the expression of Th-POK to MHC class II-specific thymocytes. The binding of RUNX to this region is necessary but not sufficient for silencer activity. The Zbtb7b silencer region also contains enhancer activity which, together with the general T-lymphoid element (GTE) may be involved in initiating the expression of Th-POK. The proximal enhancer (PE; also known as the proximal regulatory element (PRE) 41 and/or RUNXbinding site 2 (RBS-2) 42, 44 ) is not required to initiate the expression of Th-POK following positive selection, but is required to maintain Th-POK expression in MHC class II-selected thymocytes that are destined to become CD4 + T cells. Loss of the PE in the Zbtb7b locus leads to gradual loss of Th-POK expression and thereby causes partial redirection of MHC class II-selected thymocytes to the CD8 lineage. GATA3, GATA-binding protein 3.
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The positive regulatory elements that control Th-POK expression following positive selection seem to be multiple and overlapping. In addition to acting as a silencer, the DRe (the region designated RbS-1 in REF. 42 ) was found to have enhancer activity (with CD4 lineage specificity presumably conferred by the silencer activity in the 80 base pair core region) when placed upstream of a heterologous promoter (minimal human CD2 promoter) that alone was insufficient to drive the expression of the transgene 41 . by crossing mice that expressed this transgenic construct with either MHC class I-or MHC class II-specific TCR-transgenic mice, He et al. 41 found that reporter transgene expression was significantly higher in MHC class II-specific CD4 + CD8 low cells than in MHC class I-specific cells. As it is thought that some MHC class II-specific cells at the CD4 + CD8 low stage are not fully committed to the CD4 lineage 5 , this result suggests that the enhancer activity of the DRe is activated before full commitment to the CD4 lineage. In the context of the endogenous distal promoter of Zbtb7b, DRe enhancer activity was not sufficient to maintain the expression of the reporter transgene in peripheral CD4 + T cells 41 , which suggests that the enhancer in the DRe is specifically active in thymocytes and that additional enhancers in the Zbtb7b locus function in mature T cells. Indeed, He et al. 41 identified another two enhancer elements, which were designated general T-lymphoid element (GTe) and proximal regulatory element (PRe) (FIG. 2) . The GTe was shown to drive transgene expression in both CD4 + and CD8 + T cells independently of the DRe and the PRe, whereas only the PRe could drive the preferential expression of transgenes in mature CD4 + T cells. The PRe is of particular interest, as it is found in the same region of the Zbtb7b locus that contains the RbS-2 element described in the study by Setoguchi et al. 42 . This region was subsequently designated the proximal enhancer (Pe) 44 . Setoguchi et al. also showed that this region contains enhancer activity that is necessary for maintaining reporter transgene expression in peripheral CD4 + T cells. Although the Pe contains two RuNX recognition motifs, it remains unclear whether RuNX binding is necessary for its enhancer activity.
In a subsequent study, Muroi et al. 44 examined the physiological role of the Pe by removing it from either the Zbtb7b locus or the Zbtb7b GFP locus. Initial induction of GfP expression from the Zbtb7b GFP allele in the CD4 + CD8 low subset was not significantly affected by the removal of the Pe, but upregulation of GfP expression at the transition to the CD4 + CD8 -stage was inefficient. The Pe is therefore dispensable for the initial induction of Th-POK expression, presumably because this is controlled by the enhancer activity of the DRe, whereas it is essential for the maintenance of Th-POK expression in CD4-lineage thymocytes. because of this stage-specific activity of the Pe, homozygous deletion of the Pe from the Zbtb7b locus resulted in a gradual loss of Th-POK expression in CD4-lineage-specified thymocytes and consequently a partial redirection of MHC class II-specific cells to the CD8 lineage 44 . A similar observation was reported independently in a study by egawa and D.R.l. 45 , in which a hypomorphic mutant allele of Zbtb7b was used. both studies demonstrated that CD4 + T cells that developed in the presence of a reduced amount of Th-POK (owing to either deletion of the Pe or a hypomorphic mutation in Zbtb7b) showed derepression of the expression of CD8 + T-cell-associated genes, such as Runx3 and Eomes, and displayed cytotoxic features, such as high levels of interferon-γ (IfNγ) production. Total ablation of Zbtb7b activity resulted in premature expression of a knocked-in reporter transgene under the control of the Runx3 distal promoter in CD4 + CD8 low transitional thymocytes 45 . In these mice, CD4 + CD8 -thymocytes expressed the reporter transgene and underwent progressive redirection to the CD8 lineage. Together, these findings indicate that Th-POK represses the Runx3 distal promoter, although the mechanism by which this occurs has not yet been elucidated. In addition, Th-POK has been shown to antagonize the ability of RuNX complexes to repress CD4 expression 46 , in part through direct binding to the Cd4 silencer 44 . These data suggest that antagonistic interplay between RuNX3 and Th-POK is an important component of the CD4/CD8 lineage choice. egawa and D.R.l. 45 also showed that CD4 + CD8
-T cells could be generated in mice that were deficient for both RuNX proteins and Th-POK, indicating that the development of CD4-lineage cells might occur independently of Th-POK function if RuNX complexes are non-functional. The finding that CD4-lineage thymocytes and T cells are present in mice that lack Th-POK suggested that this transcription factor is not required for the initial specification of the CD4 T-cell fate during or after positive selection 45 . This conclusion was reinforced by the study of wang et al. 39 (discussed below), in which the expression of GATA3 was found to be upregulated in MHC class II-specific thymocytes and to be required for the expression of Th-POK. Therefore, Th-POK probably functions as a lineage commitment factor rather than a lineage-specifying factor by repressing the expression of RuNX3 and the activity of other components that are involved in promoting the CD8 lineage, such as Cd4 silencing.
Th-POK expression needs to be appropriately upregulated and maintained during the differentiation of MHC class II-specific cells into mature CD4 SP thymo cytes. The results of Muroi et al. 44 suggest a mechanism by which this upregulation of Th-POK expression occurs. More specifically, this group showed that Th-POK antagonizes the function of the Zbtb7b silencer by directly binding to it, and proposed that there is an auto-amplification loop in which a restricted amount of Th-POK, the expression of which is induced following receipt of lineage-specifying signals, amplifies its own expression by inhibiting the silencer in its own locus. In light of the observed transdifferentiation of CD4 + T cells into either CD4 -
CD8
-or CD4 -CD8 + cells owing to gradual elimination of the expression of Th-POK following the deletion of the Pe, this auto-amplification loop would be essential to maintain and amplify the expression of Th-POK and seal the CD4 lineage fate in MHC class II-specific T cells. further characterization of this auto-amplification loop will probably lead
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to advances in our understanding of the mechanism by which initial lineage-specifying signals are amplified and differences in TCR signalling are monitored and converted into genetic programmes.
CD4-lineage-specifying factors
Characterization of the interplay between RuNX complexes and Th-POK, and the effects of these proteins on the Zbtb7b, Runx3 and Cd4 loci, is central to our understanding of what solidifies T-cell lineage choice. However, it has become apparent that these are downstream events that reinforce earlier lineage specification events. Recent work has clearly shown that there are other transcription factors that act upstream of Th-POK but downstream of positive selection (and TCR signalling) and that have a role in T-cell lineage specification.
GATA3 has key functions at many stages of T-cell development, from early T-cell precursor specification to mature T-cell differentiation 47, 48 , so analysis of its role in CD4/CD8 lineage choice has required the conditional inactivation of the Gata3 gene (which can be achieved with stage-specific CRE recombinase expression). Mice in which Gata3 was deleted in DP thymocytes had a marked reduction in the number of both CD4 SP cells and CD4 + CD8
low cells (which in this case were referred to as CD4 + CD8 int cells) 39 . Previous results with two different MHC class II-specific TCR-transgenic mouse strains (AND and DO.11.10 mice) did not indicate that GATA3-deficient MHC class II-specific cells were redirected to the CD8 lineage 47, 48 . by contrast, using a third TCR-transgenic mouse strain (5CC7 mice), wang et al. 39 observed that GATA3-deficient thymocytes were redirected to the CD8 lineage, albeit inefficiently. To resolve these discrepant results and to avoid the complications that are associated with the use of TCR-transgenic mice (such as inappropriate early expression of the TCR and binding avidities and affinities that vary between the TCRs in different strains), wang et al. carried out experiments using bone marrow chimeric mice. T-cell-depleted bone marrow from either wild-type or GATA3-deficient mice was adoptively transferred into lethally irradiated β 2 -microglobulin mutant mice that lacked cell surface MHC class I expression. A small number of mature CD8 + T cells was found in mice that received GATA3-deficient cells, conclusively showing that redirection could occur in the absence of GATA3 (REF. 39 ).
because of the similarities between the phenotypes of Th-POK-deficient and GATA3-deficient mice, wang et al. 39 investigated whether GATA3 and Th-POK function upstream or downstream of one another, or whether they function independently of each other. Although GATA3 was expressed at wild-type levels in CD69 + thymocytes from Th-POK-deficient animals, Th-POK expression was not detected in CD69 + thymocytes from GATA3-deficient mice. Together with the finding that GATA3 binds to the Zbtb7b locus upstream of exon 2, this observation suggested that CD4 + T-cell differentiation is abrogated in GATA3-deficient animals because of a failure to induce Th-POK expression. To test this hypothesis, wang et al. 39 generated GATA3-deficient mice that expressed a Zbtb7b transgene that had previously been found to redirect all thymocytes to the CD4 lineage 40 . Interestingly, the Zbtb7b transgene failed to rescue CD4 + T-cell differentiation 39 , suggesting that the lack of Th-POK expression was not the sole cause of the absence of CD4 + T cells in the GATA3-deficient mice. by contrast, CD4 -CD8 + T cells were absent from the GATA3-deficient Zbtb7b transgenic mice, although some CD4 + CD8 + T cells developed 39 , suggesting that even though Th-POK cannot promote CD4 lineage differentiation in the absence of GATA3, its ability to repress the CD8 lineage, at least by antagonizing Cd4 silencer activity, is independent of GATA3.
Myb is another transcription factor that is involved in T-cell development. Conditional deletion of Myb in DP thymocytes resulted in a decrease in CD4 SP cell numbers and an increase in CD8 SP cell numbers, whereas the total number of thymocytes was not affected 49 . Deletion of Myb in MHC class II-specific TCR-transgenic animals, in which all thymocytes should be CD4 + , resulted in a marked loss of CD4 SP cells but did not cause redirection of these MHC class II-specific cells to the CD8 lineage. Moreover, overexpression of the viral homologue vMyb in two MHC class I-specific TCR-transgenic models, in which all thymocytes normally develop into CD8 SP cells, blocked the differentiation of CD8 SP cells and caused an increase in the number of CD4 + CD8 low cells without redirecting them to the CD4 lineage. Interestingly, the expression of Myb and GATA3 increased and decreased in parallel, which suggests that Myb may positively regulate the expression of GATA3 following TCR activation, as supported by the finding that Myb directly binds to the Gata3 locus 49 . TOX is a high-mobility group box transcription factor that was initially suggested to be involved in promoting CD8 lineage choice, based on the analysis of a Toxtransgenic mouse strain 50 . However, recent work examining a TOX-deficient mouse model has revealed that TOX is required for all CD4 + T-cell lineages. Similarly to Th-POK-and GATA3-deficient mice, TOX-deficient mice have a severe reduction in the number of CD4 + T cells 51 . In addition, TOX-deficient mice have a reduction in CD4 + CD8 low transitional cells and lack Th-POK expression in positively selected thymocytes, which is similar to the phenotype of GATA3-deficient mice but not to that of Th-POK-deficient mice. GATA3 expression, however, is unaffected by the loss of TOX expression, which suggests that TOX might function either between GATA3 and Th-POK or upstream of Th-POK and in parallel with GATA3, leading to CD4 T-cell lineage specification (FIG. 3) . Indeed, Myb-deficient CD4 + CD8 low cells, in which the level of GATA3 expression is reduced, show only a slight reduction in the levels of TOX expression, which is consistent with the idea that TOX and GATA3 function in parallel. Nevertheless, it is possible that the reduced levels of GATA3 expression in Myb-deficient cells are sufficient to allow both TOX and Th-POK expression. Although the number of CD8 SP thymocytes was slightly decreased by the lack of TOX expression, it was increased in an MHC class I-deficient background. It remains unclear from these data whether there is any redirection of MHC class II-specific cells to the CD8 lineage in Tox -/-mice. It is also unclear whether the lack of 
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A specialized type of CD4 + T cell that can suppress the responses of other T cells. T Reg cells provide a crucial mechanism for the maintenance of peripheral self tolerance and are characterized by the expression of CD25 (also known as the α-chain of the interleukin-2 receptor) and the transcription factor forkhead box P3.
CD4
+ T cells in TOX-deficient mice is due to the loss of Th-POK expression. This was a plausible hypothesis, but the observation that a Zbtb7b transgene fails to rescue CD4 lineage development in GATA3-deficient mice begs the question of whether the same is true in TOX-deficient mice.
A transcription factor network
The phenotypic analyses of thymocytes that are deficient for the transcription factors that are involved in lineage choice leads us to propose the following hierarchy of transcription factor networks (FIG. 3) . The expression of Th-POK is initiated in MHC class II-specific thymocytes by the reversal of the activity of the Zbtb7b silencer and by the enhancer in the DRe/RbS-1 with a contribution from the GATA3-binding site. Initial Th-POK expression is increased by an auto-amplification loop that, together with continuous TCR signals triggered by MHC class II binding, keeps the Zbtb7b silencer in an inactive state until the Zbtb7b Pe is activated and Th-POK expression reaches a level that is sufficient to antagonize both Cd4 and Zbtb7b silencers independently of TCR signals triggered by MHC class II binding. In parallel, Th-POK potentially activates other CD4 lineage genes and inactivates CD8 lineage genes, thereby sealing the CD4 + T-cell fate. Conversely, the TCR signal that is transduced by the CD8-MHC class I interaction is insufficient to reverse the activity of the Zbtb7b and Cd4 silencers and to maintain the initial expression of Th-POK. In the absence of Th-POK, activation of the distal promoter of Runx3 by mechanisms that have yet to be characterized induces RuNX3 expression. RuNX3 can then keep the expression of Cd4 and Zbtb7b silenced by directly binding to their silencers, in cooperation with other factors (at least in the case of the Zbtb7b silencer) and potentially by regulating the expression of other lineage-specific genes, thereby repressing the CD4 lineage and committing the cell to the CD8 lineage.
An important conclusion that has emerged from the most recent studies is that GATA3 -potentially by acting with other transcription factors -is required upstream of Th-POK to specify the CD4 lineage, and that Th-POK acts later by preventing the alternate lineage fate and thereby contributing to commitment of CD4 + thymocytes to the T H -cell programme.
RUNX regulation of effector T cells
As in many other developmental processes, the transcription factors discussed above have been found to have recurring roles throughout T-cell development and function. Similar to their role in repressing the transcription of Cd4 and Zbtb7b in developing SP thymocytes through binding to the silencers in these genes, RuNX1 and RuNX3 have recently been shown to have a role in repressing Il4 (interleukin-4) transcription in both naive CD4 + T cells and T H 1 cells by binding to a previously identified Il4 silencer 52 . T H 1-and T H 2-cell subsets are characterized by the expression of the signature cytokines IfNγ and Il-4 and require T-bet (encoded by Tbx21) and GATA3 for their development, respectively 53, 54 . The Il4 silencer was identified as a DNaseI hypersensitive site, the deletion of which resulted in increased Il-4 expression in both naive and T H 1 cells 52 , in which Il-4 is not usually expressed. Two groups independently found that RuNX3 was specifically upregulated and bound to the Il4 silencer in T H 1 cells. Djuretic et al. 55 found that the upregulation of RuNX3 expression in T H 1 cells was T-bet dependent and that both RuNX3 and T-bet were required for maximum IfNγ production. They further showed that T-bet and RuNX3 both associated with the Ifng promoter in a co-dependent manner. forced retroviral expression of RuNX3 and T-bet in T H 2 cells cooperatively repressed the expression of Il-4 and, similarly to their association with the Ifng promoter, RuNX3 and T-bet bound to the Il4 silencer cooperatively 55 . These results are consistent with the observation that RuNX3 overexpression could not repress the production of Il-4 by CD4 + T cells that lacked the Il4 silencer.
Another study observed that Il-4 expression was de-repressed in Cbfβ-deficient CD4 + T cells that had been cultured in either neutral or T H 1-cell-polarizing conditions, and that Il-4 production was significantly increased in T H 2-cell-polarizing conditions 56 . furthermore, the same study used chromatin immunoprecipitation to confirm that RuNX3 binds to the Il4 silencer 56 . Taken together, these results indicate that, similarly to its ability to inhibit Cd4 and Zbtb7b transcription in developing CD8 + T cells, RuNX3 can bind to the Il4 silencer to repress Il4 expression in differentiating T H 1 cells while also cooperating with T-bet to induce maximum IfNγ production.
In addition to T H 1 and T H 2 cells, there are many other effector T-cell subsets that naive CD4 + T cells can differentiate into following activation, including T H 17 cells and regulatory T (T Reg ) cells. A focus of many recent studies has been to understand the relationship between Nature Reviews | Immunology T H 17 cells, which are characterized by the production of Il-17 and are thought to be involved in autoimmunity, and induced T Reg cells, which differentiate in the periphery and are thought to be particularly important for controlling immune responses in the gut. Two recent studies have shown that RuNX1 can interact with the transcription factors retinoic-acid-receptorrelated orphan receptor-γt (RORγt; encoded by Rorc) and forkhead box P3 (fOXP3), which are required for the differentiation of T H 17 and T Reg cells, respectively 57, 58 . Zhang et al. 59 found that RuNX1 is required for Il17 transcription in T H 17 cells (by acting cooperatively with RORγt) and that both RuNX1 and RORγt bind to the Il17 locus. Consistent with these data, other work has shown that fOXP3 can inhibit the production of Il-17 by interacting with RORγt [60] [61] [62] . Similarly, Zhang et al. 59 also found that the ability of fOXP3 to inhibit RORγt-dependent Il-17 production depended on its ability to bind to RuNX1 (REF. 59 ). Another study reported that a similar mechanism occurs at the Il2 locus, and showed that RuNX1 binds to the promoter of the Il2 gene and enhances the TCR-stimulated production of Il-2. In T Reg cells, however, fOXP3 inhibits the production of Il-2 by physically interacting with RuNX1 (REF. 63 ). The study by Zhang et al. 59 also showed that attenuation of RuNX1 function (either by gene knockdown or expression of a dominant-negative form of RuNX1) during the differentiation of T H 17 cells in vitro decreased the expression of RORγt, suggesting another possible mechanism by which RuNX1 could promote T H 17-cell differentiation. because these results were obtained in vitro, the physiological relevance of RuNX1-dependent regulation of T H 17-cell differentiation requires clarification in vivo using mouse models. However, the evidence that RuNX1 interacts with T-bet, RORγt and fOXP3 (FIG. 4) indicates that RuNX transcription factors are important modifiers in the transcriptional cascade that underlies both the generation of CD4 + effector T-cell subsets and the lineage choice of DP thymocytes.
Concluding remarks
we are now beginning to understand the interplay of the transcription factors that control the CD4/CD8 lineage choice and the mechanisms by which they regulate their target genes. The finding that positive selection and lineage choice are distinct processes has been crucial for revising models of lineage choice and for guiding further investigations. The recent observation that some transcription factors are required to initiate lineage specification whereas others are required to repress the alternative cell fate also influences our understanding of this developmental decision. However, many questions remain unanswered. The regulation of the RuNX proteins is a surprisingly unexplored field, investigation of which will probably provide further insight into the role of these transcription factors in lineage choice. Aside from the regulation of Cd4 and Cd8, we have little information on the target genes that might be regulated by Th-POK and RuNX3 to ensure appropriate co-receptor expression for lineage choice and effector T-cell differentiation. finally, linking the regulation of these transcription factors to the signalling events that are triggered by either CD4-TCR-MHC class II or CD8-TCR-MHC class I interactions will be essential for unravelling the instructing signals that ultimately determine T-cell fate. 
